Parkinson's disease (PD) results from the loss of dopaminergic neurons in the substantia nigra portion of the midbrain, and represents the second most common neurodegenerative disease in the world. Although the etiology of PD is currently unclear, oxidative stress and redox dysfunction are generally understood to play key roles in PD pathogenesis and progression. Aging and environmental factors predispose cells to adverse effects of redox changes. In addition to these factors, genetic mutations linked to PD have been observed to disrupt the redox balance. Mutations in leucine-rich repeat kinase 2 (LRRK2) are associated with autosomal dominant PD, and several of these mutations have also been shown to increase the levels of reactive oxygen species in cells. Anti-oxidant proteins are necessary to restore the redox balance and maintain cell viability. Over the past decade studies have started to demonstrate the critical importance for redox proteins mediating neuronal protection in models of PD. This commentary briefly describes some of the factors hypothesized to contribute to PD, specifically regarding the redox changes that occur in PD. Dysregulation of redox proteins in PD is highlighted by some of the work detailing the roles of peroxiredoxin-3 and thioredoxin-1 in models of PD. In an attempt to generate novel therapies for PD, several potent inhibitors of LRRK2 have been developed. The use of these compounds, both as tools to understand the biology of LRRK2 and as potential therapeutic strategies is also discussed. This mini-review then provides a historical prospective on the discovery and characterization of glutaredoxin (Grx1), and briefly describes current understanding of the role of Grx1 in PD. The review concludes by highlighting our recent publication describing the novel role for Grx1 in mediating dopaminergic neuronal protection both in vitro and in vivo.
Overview of Parkinson's disease and the role of oxidative stress
Parkinson's disease (PD) is the second most common neurodegenerative disorder in the world, resulting from loss of the dopaminergic neurons in the substantia nigra of the midbrain [1, 2] . Clinically, PD patients present with resting tremor, postural instability, bradykinesia, and short shuffling steps, usually accompanied by progressive cognitive losses [3] . PD is a debilitating disease that is classified as "sporadic" or "familial," based on whether a specific cause for the disease is unknown or it is attributed to a heritable trait, respectively. Although the underlying mechanisms for cases of sporadic PD are largely unresolved, aging-dependent changes in the neurons and environmental factors are believed to play major roles. In particular, increased oxidative stress-mediated damage and diminished anti-oxidant defenses have been implicated importantly as likely contributors to sporadic PD [2, 4, 5] . Oxidative damage and loss of anti-oxidant defenses are likely due to a combination of age related changes and exposure to xenobiotics. Within the past two decades genetic mutations in specific proteins have been linked to PD in humans, including those in SNCA (α-synuclein) [6] , PARK7 (DJ-1) [7] , PINK1 (Pink1) [8] , PARK2 (Parkin) [9] , and LRRK2 (LRRK2) [10] . Genetic mutations account for approximately 10% of all PD cases, among which LRRK2 represents the most prevalent cause of familial PD.
Although genetic mutations can be attributed only to a fraction of PD cases, posttranslational modifications of these same PD proteins may result in functional changes that promote sporadic PD in a manner similar to what occurs in familial PD [2, 11] . For example, Parkin has cysteine residues that are sensitive to oxidative modification, and it has been reported that treatment with H 2 O 2 resulted in decreased Parkin activity [12] . A prevalent form of oxidative post-translational modification of cysteine residues on proteins is mixed disulfide formation with glutathione; i.e., S-glutathionylation (protein-SSG formation). Glutathionylation can result in changes in protein activity, sub-cellular localization, and steady-state protein content [13, 14] . Hence, homeostatic regulation of this modification is required to maintain cell viability under oxidative stress conditions. For example, oligomerization of α-synuclein is accelerated by oxidized glutathione [11] , suggesting that formation of α-synculein-SSG promotes its aggregation, which is associated with neuronal cell death in PD [11] .
Regardless of the classification of the disease, increased oxidative stress is thought to play a key role in degeneration of dopaminergic neurons in PD. Thus, consideration of oxidative stress represents a point of convergence for understanding development of both sporadic and familial PD. Accordingly, re-establishment of redox homeostasis represents a novel therapeutic strategy for slowing dopaminergic degeneration and the progression of PD.
Epidemiological evidence suggests that environmental agents play a role in development of sporadic PD [15] , and the effects of these agents have been linked to oxidative stress in most cases. Exposure to the pesticides rotenone, paraquat and dieldrin, as well as heavy metals like manganese, increases the risk of developing PD [15, 16, 17] . Experimentally, rats injected with rotenone showed a decreased level of dopamine in the posterior striatum and prefrontal cortex along with diminished tyrosine hydroxylase indicative of dopaminergic cell loss [18] . Additionally, mice injected with paraquat displayed a significant loss of tyrosine hydroxylase-positive neurons in the midbrain compared to control animals [19] . Finally, treatment of human model dopaminergic neurons (SH-SY5Y cells) with dieldrin resulted in caspase 3 cleavage and cell death [20] . Direct evidence for toxin-based dopaminergic degeneration was reported when induction of Parkinson's disease-like symptoms in humans was attributed to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a chemical byproduct of illicit drug synthesis. This evidence was confirmed when monkeys were injected directly with MPTP and developed PD-like symptoms, which were dampened by administration of the PD drug L-DOPA [21] . Notably, all of the toxins described above have been found to promote increased oxidative stress; and/or to exert decreased toxicity when anti-oxidants were co-administered. For example, rotenone and MPTP are inhibitors of mitochondrial complex I, leading to increased production of superoxide and peroxide. Little is certain about the direct causes of sporadic PD. However, it is especially noteworthy that critical proteins whose mutations are responsible for familial PD are also sensitive to functional changes by oxidative modification. This insight provides an opportunity for discovering potential causes of the sporadic disease.
In 2002 a genome-wide association study revealed a novel locus linked to autosomal dominant PD, and in 2004 LRRK2 was described as the gene within this domain responsible for causing PD in humans [22, 23] . A year later the glycine to serine (G2019S) mutation, located in the kinase domain of LRRK2, was found to segregate with autosomal dominant PD [24] . This mutation is now known to represent the most common mutation in familial PD, found in 1-3% of all cases of PD. The precise molecular mechanism(s) for the neuronal toxicity induced by mutant LRRK2 remains unclear, although over-expression of pathogenic LRRK2 has been shown to drive increased levels of reactive oxygen species (ROS) [25] . Furthermore, LRRK2 contains a MAPKKK domain analogous to ASK1, which is known to undergo oxidative stress-induced alteration in functionality. This fact suggests that the LRRK2 kinase domain may also be redox sensitive. Notably, the G2019S mutation is widely accepted as a gain of function mutation that enhances LRRK2 kinase activity. Because of the prevalence of the G2019S mutation, several inhibitors targeted to the kinase domain have been characterized in attempts to combat the LRRK2 toxicity. "LRRK2-IN-1" was the first available highly potent inhibitor of LRRK2, and it was demonstrated to alleviate LRRK2 toxicity in cell culture [26] . Studies have also shown that LRRK2-IN-1 and other LRRK2 inhibitors mediate protection against LRRK2 toxicity in vivo. Specifically, both LRRK2-IN-1 and TTT-3002, another small molecule LRRK2-kinase inhibitor, were shown to protect dopaminergic neurons in C. elegans models of PD involving mutant LRRK2 expression [27] . This protection demonstrated the in vivo efficacy of small molecule kinase inhibitors against LRRK2 toxicity. Unfortunately, the highly potent LRRK2-IN-1 does not cross the blood brain barrier and cannot be developed for therapeutic use. Recently, two other molecules GNE-0877 and GNE-9605 were shown to inhibit LRRK2; and, in contrast to LRRK2-IN-1, they can penetrate the blood brain barrier [28] . These and other brain permeable drugs need to be tested further for efficacy in clinical trials, with the hope that inhibiting LRRK2 kinase activity may be a viable solution at least for PD patients with LRRK2 mutations. Such targeted therapeutic intervention for patients with LRRK2 mutations represents a new frontier in PD treatment. While only small numbers of PD patients harbor LRRK2 mutations, it is possible that post-translational oxidative modifications alter non-mutant LRRK2 proteins (analogous to ASK1 modification) and result in dysregulated function, similar to what occurs with the mutant LRRK2 proteins. If this is the case, then targeting LRRK2 may be a viable therapeutic strategy for both sporadic and familial PD. Extending this logic, identification of proteins dysregulated in both familial and sporadic PD is needed in order to develop agents with broader therapeutic impact.
Cells rely on redox enzymes to mediate protection against damage resulting from uncontrolled oxidative stress [2] . Many redox enzymes are necessary for scavenging ROS, maintaining critical intracellular redox balance, and controlling vital signaling events initiated by ROS. These enzymes include thioredoxins (Trx), peroxiredoxins (Prx), and glutaredoxins (Grx) [2] . Studies focusing on models of sporadic PD have shown that shRNA knockdown of Prx3 in SH-SY5Y cells increases susceptibility to apoptosis when the cells are challenged with the active metabolite of MPTP (MPP+) [29] . In contrast, overexpression of Trx1 decreases MPTP toxicity in mice [30] . These same enzymes have been studied also in the context of familial PD. Pathogenic LRRK2-G2019S has been reported to inactivate Prx3 via phosphorylation, thereby disrupting the cells' ability to control H 2 O 2 [31] . Overexpression of Prx3 was found to protect against LRRK2-G2019S toxicity in SH-SY5Y cells [31] . Moreover, postmortem brain samples from LRRK2-G2019S-positive PD patients showed increased levels of phosphorylated Prx3 compared to non-G2019S PD patients [31] , indicating that LRRK2 toxicity may be caused in part by disrupting redox homeostasis.
Considering the immense body of work in the field of redox biology, the studies described above involving Prx3 and Trx1 represent only a sampling of the work describing critical roles for redox enzymes in mediating thiol homeostasis, which is pertinent to models of sporadic and familial PD [32] . These examples serve to set the stage for the primary focus of this article on the glutaredoxin (thioltransferase) enzyme and what we consider to be compelling evidence for its role in protection of dopaminergic neurons, which are the epicenter of PD.
Focus on the neuroprotective role of the glutaredoxin enzyme
Characterization of the first mammalian thioltransferase (glutaredoxin) occurred in 1974 [33] , and in 1976 an E. coli enzyme with analogous activity was found and named "glutaredoxin" [34] . Although "thioltransferase" more accurately reflects the enzymatic function of the protein, "glutaredoxin (Grx)" has become the generally used name for the enzyme [35] . In 1991 human Grx1 was isolated from red blood cells [32] , and then cloned and intensively biochemically characterized [36] . Grx1 specifically catalyzes the removal of glutathione from cysteine residues [37] , restoring the steady-state function to proteins whose activity is changed upon glutathionylation [38] . It is now known that Grx1 is the major deglutathionylating enzyme in the cell, displaying about 5000-fold greater catalytic efficiency for deglutathionylation compared to Trx1 [39] , whose primary function is to reduce intramolecular disulfide bonds.
The first evidence that Grx1 may play a role in protection of dopaminergic neurons was found when Grx1 protein and mRNA content were observed to be increased in mouse brain homogenate after MPTP treatment [40] , suggesting a homeostatic upregulation in response to the chemical insult. Further work showed that female mice have greater Grx1 content compared to males and are more resistant to MPTP-induced dopaminergic cell death [41] . While these studies are consistent with a role for Grx1 in protection of dopaminergic neurons, additional studies provided more evidence for Grx1 mediating neuronal protection. Treatment of SH-SY5Y cells in culture with the pro-oxidant drug L-DOPA was shown to increase apoptosis. Investigation into the molecular mechanism of this drug-induced cell death revealed that Grx1 was selectively inactivated relative to other redox enzymes by oxidized L-DOPA, which covalently adducted the Grx1 active site (Cys-22) [42] . These findings led to the hypothesis that Grx1 plays a critical role in maintaining neuronal cell viability. To test this concept, Grx1 was knocked down in SH-SY5Y cells. The cells treated with the Grx1-siRNA showed an increased level of apoptosis compared to control cells with non-targeting siRNA [42] . This finding was soon confirmed as knockdown of Grx1 in Neuro-2a cells via shRNA also resulted in cell death [43] . Taken together these data indicated that Grx1 played a direct neuroprotective role in cultured cells. Still little was known about the neuroprotective role of Grx1 in vivo and its implications for PD in humans. These limitations were addressed in our recent study [44] which is highlighted by this commentary.
We investigated the role of Grx1 in mediating protection of dopaminergic neurons in vivo by using several different C. elegans models of PD. C. elegans worms overexpressing LRRK2-G2019S, LRRK2-R1441C, α-synuclein, or tyrosine hydroxylase specifically in the dopaminergic neurons, representing models of both familial and sporadic PD, were crossed into worms lacking the homolog to Grx1, GLRX-10. Each of the hybrid worm lines lacking the Grx1 homolog showed a significantly more severe PD-like phenotype compared to the corresponding control worms with endogenous GLRX-10. Furthermore, re-expression of WT GLRX-10, but not a catalytically dead mutant (C22S), in the dopaminergic neurons of the GLRX-10 -/-/ LRRK2-R1441C worms, rescued the exacerbated PD-like phenotypes.
In addition to identifying a novel role for Grx1 in protection of dopaminergic neurons in multiple in vivo models of PD, our study also examined Grx1 content in postmortem human brain samples from PD patients and non-PD controls. Western blot analysis of midbrain homogenates indicated an overall diminution of Grx1 protein within the midbrain for the PD patients versus controls. Using immunohistochemistry on midbrain tissue slices, we found that the fraction of dopaminergic (TH-positive) neurons that are Grx1-deficient was higher in PD patients compared to controls. Overall our recent study provides in vivo evidence that Grx1 mediates protection of dopaminergic neurons in models of sporadic and familial PD; and for the first time reports that Grx1 protein content is diminished in PD brain tissue, suggesting that diminution of Grx1 with aging predisposes to PD.
Both sporadic and familial PD develop asymptomatically over decades before they manifest clinically, leading to the idea that PD is a multifactorial disease where pathogenesis likely involves the convergence of multiple insults, including genetic, environmental and aging-dependent factors that impact redox homeostasis (Figure 1) . Several anti-oxidant pathways exist within the dopaminergic neurons that mediate protection from toxicity induced not only via ROS-mediated DNA damage, but also from irreversible oxidative damage to proteins critical for cell survival. Prevention of toxicity with exogenous anti-oxidants does not discriminate between toxicity caused by DNA damage, irreversible protein modification, or other effects of increased ROS. Our recent paper revealed that loss of the Grx1 homolog in worms exacerbated LRRK2-mediated dopaminergic neuronal toxicity in vivo. Re-expression of the catalytically active, but not the inactive form of the Grx1 homolog prevented the increased toxicity. In addition, loss of the Grx1 homolog exacerbated PD phenotypes in models of sporadic PD driven by over production of dopamine or α-synuclein. Overall these data clearly implicate reversible protein glutathionylation as the likely mechanistic basis for the catalytic role of Grx1 in mediating dopaminergic neuronal protection against the oxidative stress associated with overexpression of mutant LRRK2 or α-synuclein, or overproduction of dopamine. Thus, removal of the glutathione modification from key regulatory proteins by Grx1 is necessary to restore their function and maintain cellular homeostasis and cell survival. The critical need for Grx1 to combat oxidative stress in dopaminergic neurons identifies manipulation of the activity of this enzyme as a novel therapeutic strategy for PD.
Most current therapies are designed to manage symptoms of PD mainly by replenishing the levels of dopamine in the brain. There are currently no established treatments that decrease the rate of dopaminergic degeneration and slow the progression of PD. As presented in this feature article, redox proteins have been shown to play an important role in mediating dopaminergic neuronal protection in models of PD. In almost all cases, loss of function/content of redox enzymes sensitizes dopaminergic cells in culture and dopaminergic neurons in whole animals to oxidative stress, resulting in increased cell death. These findings suggest that increasing the activities of redox enzymes may afford dopaminergic neuronal protection and provide a strategy to slow the progression of PD. Thus, therapeutic approaches aimed at enhancing catalytic redox activity represent an exciting and promising new avenue for the treatment of PD. 
